Abstract. The influence of a boron addition (0.1 wt%) on the structural stability of high-purity nanocrystalline Ni3AI intermetallic compounds was investigated. The nanocrystalline structure was obtained by severe shear deformation under quasi-hydrostatic pressure. Residual electrical resistivity, Vickers microhardness, X-Ray diffraction and transmission electron microscopy were used to characterize the material evolution during thermal treatments in the temperature range 293-1313 K. After severe deformation the materials were disordered with a smaller crystallite size in the boron-doped compound than in the pure one. The boron addition was found to shift the long-range ordering, as well as the recovery of the properties investigated to higher temperatures, i s . to improve the thermal stability of the structure.
INTRODUCTION
The intermetallic compound Ni3AI has attractive high-temperature properties, particularly when doped with small amounts of boron which suppress its grain-bounda@ brittleness [l] . since the mechanical properties are enhanced by plastic deformation, it is important to understand the structural evolution during subsequent heat treatments.
In undoped Ni3A1 such investigations have up to now been limited by the necessity of using single crystals for performing substantial deformation [I] . In a comparative study of recrystallization in undoped and boron-doped Ni3AI after a small deformation (compression to 17 % reduction in thickness), Zhou et al [3] found a weak retarding effect of the boron addition. The aim of the present work was to perform an investigation of the structure evolution of both undoped and boron-doped Ni3A1 in highly deformed materials. This was made possible by using the process of severe plastic deformation by torsion under hydrostatic pressure [4] ; it allows considerable cold-working of pure Ni3AI in spite of its grain boundary brittleness. Furthermore, residual electrical resistivity measurements were performed in order to gain new insight with respect to the previous investigation of highly deformed undoped Ni3Al [5] .
EXPERIMENTAL PROCEDURE
The intermetallic alloys chosen for this investigation were a pure binary Ni3Al material (74.9 at% Ni, 25.1 at% Al) and a boron doped material (76.3 at % Ni, 23.7 at% Al, referred to AI+Ni, + 0.1 wt% B). They were prepared by melting together weighed quantities of high purity Ni, Al and Ni3B in an inductive plasma furnace. The alloys were homogenized by annealing for 40 hours at 1323 K in a vacuum of 106 Pa. According to previous investigations [6] the added boron should be in solid solution.
Specimens for deformation, 6 mm in diameter and 0.3 mm thick, were prepared by diamond sawing and mechanical polishing. The samples were subjected to shear deformation by torsion at room temperature at a quasi-hydrostatic pressure of 8 GPa in a Bridgman anvil-type unit as described in [4] . The deformation of the samples under study was characterized by a value of the maximum logarithmic shear strain of 6. Specimens for the investigation of structure and properties were obtained by mechanical polishing to a thickness of 0.2 mm (for X-ray and microhardness), then spark cutting of disks 3mm in diameter (for TEM) or diamond sawing to a rectangular shape of 6xlx0.2 mm3 (for electrical resistivity).
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The electrical resistivity samples were subsequently annealed for 40 min in the temperature range from 353 K up to 1313 K in steps of 60 K at a reduced He pressure up to 820 K, and in a vacuum of 10-4 Pa at higher temperatures. The other samples were annealed for 40 min at selected temperatures.
Electron microscopy (TEM) studies of the foils were conducted in a JEM -2000 FX transmission electron microscope. The foils were prepared by jet polishing.
For estimating the long range order parameter (S) X-ray diffraction was used. The S values were obtained from the ratio between the intensities of the (110) superlattice line and the {220) fundamental line [7] . This ratio was corrected by using the intensities of the standard fully ordered Ni3Al given in the ASTM file.
Microhardness was measured using a Vickers diamond pyramidal indenter with a load of 0.2 kg. Electrical resistivities were determined at 4.2 K by measuring the electrical resistance of the samples and using a geometrically-determined shape factor. The uncertainty on resistivity variations was 5x 10-9 Qcm.
. EXPERIMENTAL RESULTS
In the as-deformed state, the structure of both compounds under study consisted of sub-microsized crystallites with large internal stresses as shown by electron microscopic observations. A complex diffraction contrast of the structure could be seen. The main specific features of this structure are that the grain boundaries are not well defined, they are wide and curved. Inside the crystallites an alternating contrast, consisting of dark and bright bands can sometimes be observed. A typical example of this stucture is shown in fig.1 (a, b, c), where bright field, dark field images and selected area diffraction pattern (from an area of 0.02 ym2) of a Ni3AI+B as-deformed sample are given. The mean grain size of the crystallites, estimated on dark field images was about 5 0 nm in the pure material and 3 5 nm in the boron-doped one. The diffraction pattern with a large number of spots arranged in circles, provides evidence for the existense of large misorientations between the crystallites. This structural state is characterized by a high value of residual resistivity ( fig.2a ), comparable to those measured previously in cold-rolled B-doped Ni3Al alloys [8] . According to the X-ray diffraction results, both compounds were entirely disordered (fig 3b) . The value of microhardness was high and similar for both compounds (fig.3a) . The evolution of the residual electrical resistivity on annealing revealed the existence of three main stages of structural change.
-Stage A. In the range 293 K-533 K (for pure Ni3Al) resistivity increased, then went through a maximum ( fig.2a ) and the hardness reached its maximum value of 8820 MPa at 533 K (fig3a). In the B-doped compound an increase of resistivity and of microhai-dness was also observed, but the maximum values were reached at 593 K. TEM investigations revealcd some increase of the crystallite size, in the pure material only. Long-range ordering became noticeable in the pure material at 533 K (S=0.27) and in the boron doped material at 593 K (S=0.45) ( fig.3.b) .
-Stage B. In the range 533 K-833 K, a strong decrease of resistivity, a weak recovery of hardness and partial long-range ordering took place. According to the resistivity derivative curves, the main decrease of resistivity took place around 560 I< in the pure material and around 680 K in the boron-doped ( fig.2.b) . The long range-order parameter in both con~pounds reached a constant value of about 0.6 at 653 K and remained the same up to high temperatures ( fig.3b) . TEM investigations showed that, in both materials, a structural recovery occurs in the beginning of this stage. The crystallites become clearer, alternating contrast inside the crystallites disappears completely but the boundaries are still wide and curved. The mean size of the crystallites scarcely changes in the first part of this stage. Some crystallites with a very perfect interior appear, which might later become recrystallization nuclei. Towards the end of this stage the crystallite size increases significantly and reaches a diameter of about 300 nm for both materials at 833 K.
-Stage C. Above 833 K resistivity increased slightly. The microhardness in both alloys continued to decrease down to 2000 MPa at 13 13 K, the microhardness in B-doped material being higher than in the pure. The level of long-range-order increased abruptly at 13 13K and reached 0.77 for the pure and 1.0 for the B-doped material ( fig.3b) . TEM investigations showed an increase of the mean grain size in both materials. At 1013 K in the B-doped Ni3AI the mean grain size was 2.6 pm. Inside the grains some stacking faults, twins and antiphase boundaries may be observed. In pure Ni3AI the grains are larger, they seem to be clearer, without stachng faults. 
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DISCUSSION
One of the striking results of the present investigation is the very rapid (but partial) long-range ordering which takes place in stage A around 530 K in the pure material and around 590 K in the boron-doped. This ordering cannot be related to atomic movements promoted by the migration of equilibrium vacancies, since in undeformed samples order variations begin to take place only around 800 K [9] . It must therefore be connected with the presence of deformation-induced defects, for instance small defect clusters or dislocation loops and arrays which would become unstable and break up with increasing temperature; the corresponding release of vacancies would provide the atomic mobility required for ordering. It should be noted that dislocation arrays may exist at crystallite boundaries and triple junctions in nanocrystalline materials, resulting in high internal stresses [lo] . The role of the boron addition could be to stabilize such clusters, loops or arrays, thus delaying their break-up or annihilation up to higher temperatures.
In the same temperature range as long-range ordering, a steep increase in hardness is observed in both alloys. This is probably a consequence of ordering, since it has been shown that mechanical properties are maximum for some intermediate value of the LRO parameter S [ll] . A disordered alloy should thus first harden during ordering, then soften again; the present observations correspond to the first part of this process.
In the boron-doped material only, some progressive hardening is observed before the temperature of long-range ordering. It might be caused by boron (which dissolves interstitially in Ni3AI [12] ) diffusing to the dislocations and pinning them.
The increase in resistivity which takes place in stage A is not understood unambiguously at present. Two processes might be considered for interpreting it: i. a short-range ordering of the disordered solid solution, which is known to increase resistivity in Ni(A1) alloys of lower concentration [13] , or ii. an increase of the specific resistivity of lattice defects, caused by the beginning of long-range ordering, an effect previously discussed by Rossiter [I41 for the case of phonon resistivity.
At temperatures above the hardness and resistivity maxima (stage B), the main reasons for the simultaneous decrease of p and Hv are probably the elimination of dislocations, the decrease of internal stresses and the growth of crystallite size, since the LRO parameter S does not change in this stage. Languillaume et al. [5] have shown that for Ni75A125 after similar treatments, the level of internal stresses falls to zero after annealing at 833 K. The shift of the recovery to higher temperatures in the boron-doped material may be assigned to a retarding effect of boron on the dislocation rerrangements and on the grainboundary migration ; another effect might possibly contribute to the temperature shift, : a reduced driving force in the boron-doped alloy as suggested by the smaller amplitude of the resistivity recovery in this stage.
The further grain growth in stage C has an important effect on the mechanical properties but does not cause much change in the resistivity values in the two materials. The slight resistivity increase observed between 833 K abd 1173 K results from a weak thermal disordering, as was shown in a previous investigation [9] .
CONCLUSIONS
1. Shear plastic deformation under quasi-hydrostatic pressure allowed both pure and boron-doped Ni3Al to be highly cold worked, and resulted in completely disordered materials with a nanocrystalline structure. 2. The values of residual resistivity in both compounds are high, higher in pure Ni3Al is than in the Bdoped material. 3. The boron-doped material has enhanced thermal stability i.e. the recovery of microhardness and of resistivity, as well as long-range ordering, take place at temperatures higher than in pure Ni3Al.
